Abstract-Polycyclic aromatic hydrocarbons (PAHs) are well-known ubiquitous environmental contaminants. Permeability glycoprotein (P-gp) is a transmembrane detoxification efflux pump transporting various lipophilic xenobiotics, such as PAHs, out of the cells. The existence of a P-gp detoxification system inducible by PAHs was investigated in Drosophila melanogaster. Western blot experiments showed that D. melanogaster expressed a 140-kDa P-gp in Sl2 cells, embryos, and adult flies. Permeability glycoprotein was expressed in adult flies in the head, abdomen, and thorax and sublocalized in the sexual and olfactory organs. Flow cytometry experiments using Drosophila Sl2 cells in the presence of PAHs and target P-gp drug compounds revealed that Drosophila P-gp acted as an efflux detoxification pump. In Drosophila exposed to benzo[a]pyrene or to ambient air polluted by higher or lower PAH concentrations, P-gp expression was clearly showed a dose-dependent increase response. The P-gp induction was detected both in adult flies and in different fly parts, such as the head, thorax, and antennae. Drosophila P-gp acts as a membrane barrier against PAH pollutants.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental contaminants that include highly toxic compounds presenting cytotoxic, genotoxic, and carcinogenic properties [1, 2] . They result from the incomplete combustion of gasoline, diesel, oil, wood, garbage, or other organic substances. Tobacco smoke and charbroiled meats are common sources of PAHs. Other outdoor sources of PAHs include vehicle exhaust emission, wood smoke from fireplaces, and smoke from forest fires and industrial facilities. Polycyclic aromatic hydrocarbon occurrence and emissions have increased significantly in recent centuries, implying the pollution of air, water, and soil [3] .
Permeability glycoprotein (P-gp) is a 170-kDa protein that belongs to the adenosine triphosphate (ATP)-binding cassette (ABC) superfamily [4] . It is encoded by the MDR1 gene in humans, which is also a noted mdr gene in other species. Permeability glycoprotein has been described as the main factor in the multiple drug resistance phenomenon [5] , which refers to patterns of cross-resistance developed by tumor cells against a wide range of natural product-derived anticancer agents [6] . Permeability glycoprotein is a transmembrane efflux pump transporting various lipophilic drugs out of the cells, thereby providing a membrane resistance [7] . Its target compounds constitute a broad but well-defined spectrum of structurally and functionally unrelated cytotoxic agents, such as * To whom correspondence may be addressed (mahchid.bamdad@inserm.u-clermont1.fr).
colchicines or adriamycin [8] , together with various xenobiotics, such as PAHs [9] . Permeability glycoprotein or P-gplike factors have been detected in a wide range of organisms, including prokaryotes [10] , parasitic protozoans [11] , freshwater ciliates such as Tetrahymena pyriformis [12, 13] , freshwater and marine organisms such as mussels and sponges [14] , and mammals [15] .
In different organisms, the expression of multidrug resistance has been shown to be modulated by natural and synthetic xenobiotics, particularly PAHs [13, [16] [17] [18] . We have previously demonstrated in the freshwater ciliate model T. pyriformis that P-gp expression increases in response to increasing concentrations of benzo[a]pyrene (BaP), a cytotoxic, genotoxic, and carcinogenic PAH model [13] .
The fruit fly Drosophila melanogaster is one of the best models for genetic developmental and cellular processes common to eukaryotes, including humans. The Drosophila model has also been used in genotoxicity, mutagenicity, and viability tests in response to various atmospheric airborne particle pollutants, such as PAHs [19] , diethyl sulfate vapor [20] , and hydrogen fluoride [21] . The complete genome of Drosophila has recently been sequenced [22] , and three mdr gene homologs (mdr49, mdr50, and mdr65) have been identified [23] [24] [25] .
The purpose of this study was to provide evidence for the existence, in D. melanogaster, of a P-gp detoxification system inducible by PAHs. We used Western blot analysis to demonstrate the presence of a 140-kDa P-gp in Drosophila embryos and adults that is especially expressed in the adult sen-sory and sexual organs. The P-gp-detoxification pump activity was demonstrated at the cellular level by uptake experiments, using P-gp target compounds such as PAHs and pharmacological drugs via flow cytometry. In vivo experiments showed a clear dose-response expression of Drosophila P-gp to increasing BaP concentrations and exposures. In the natural environment, Drosophila P-gp clearly increased in response to increasing concentrations of PAHs from ambient air. Our results indicate that P-gp is expressed in Drosophila, is functionally active, acts as an efflux pump, and is involved in a detoxification mechanism in response to PAH pollutants.
MATERIALS AND METHODS

Fly stocks
Drosophila melanogaster w 1118 were used as a wild-type strain. They were raised on a standard corn meal-agar medium at 20ЊC. Embryos were collected on agar-grape juice plates, dechorionated with a 25% commercial bleach solution, and washed several times with distilled water.
Drosophila cell culture
Schneider cell line 2 (Sl2) derived from Drosophila latestage embryos [26] was cultured on 75-cm 2 plates in Schneider's Insect medium (Gibco-Invitrogen, Cergy Pontoise, France) supplemented with 10% fetal bovine serum and 1% penicillin plus streptomycin at 22ЊC.
Protein samples
For analysis of P-gp expression, approximately 200 embryos plus 10 adult flies and 5 ϫ 10 6 cells were collected and crushed in 100 l of a dissociating medium (125 mM TrisHCl [pH 6.8], 8 M urea, 4% SDS, 10 mM DTT, 1 mM phenylmethylsulfonylfluoride, and protease inhibitor; Sigma, St. Louis, MO, USA). About 100 antennae, 100 labella/maxillary palps, 20 ovaries, 40 testes, 50 heads, 20 abdomens, and 20 thoraxes were dissected in cold phosphate-buffered saline (PBS) and then crushed in 70 l of the same dissociating medium. Each sample was then briefly sonicated and centrifuged for 5 min at 14,000 g at 4ЊC. Supernatants were collected and used for Western blotting. When we studied P-gp expression following BaP exposures, proteins were extracted from 10 adult flies, 40 heads, and 20 thoraxes.
P-gp antibodies
The P-gp detection was performed using the polyclonal affinity-purified rabbit antiserum Ab-1, which was raised against a synthetic peptide entailing the well-conserved epitope SALDTESEKVVQEALDKAREG [27] , and the mouse monoclonal antibody C219, which was raised against an amino acid cytoplasmic sequence ''VQEALD'' [28] .
Western blot analysis
Proteins were separated on a 6% polyacrylamide gel and electroblotted onto a nitrocellulose sheet for 90 min at 0.8 mA/ cm 2 . Membranes were saturated at room temperature for 30 min in Tris buffer saline (TBS), pH 7.5, containing 0.2% Tween 20 and 5% skimmed milk. Membranes were incubated in the presence of the primary antibodies Ab-1 (1:200; Oncogene, France Biochem, Meudon, France) or C219 (1:200; Calbiochem, La Jolla, CA, USA) and mouse monoclonal antitubulin antibody DM1A (1:10,000; Sigma) in TBS, 0.2% Tween 20 in TBS (TBS-T) for 1 h at room temperature. After three 10-min washes with TBS-T, the membranes were incubated in the presence of the secondary antibodies: a horseradish-peroxidase (HRP)-coupled goat anti-rabbit (1:5,000; Rockland, Gilbertsville, PA, USA) or an HRP-coupled goat anti-mouse (1:10,000; Rockland) antibody, for 1 h at room temperature in TBS-T. After three 10-min washes with TBS-T, immune complexes were visualized by chemiluminescence (ECL ϩ Western blotting detection reagent, Amersham Bioscience Europe, Orsay, France) according to the manufacturer's specifications. The intensities of P-gp and control tubulin bands were analyzed by densitometry using Bio-Profil system/Bio-1D software (Vilber Lourmat, Marne la Vallée, France), and P-gp expression levels were determined in relation to the tubulin controls. Each experiment was performed independently at least three times.
Flow cytometry analysis of xenobiotic uptake
The two PAHs, BaP and anthracene (ANT) (Sigma-Aldrich, Saint Quentin Fallavier, France) and adryamicin (ADR) (Sigma-Aldrich), are naturally fluorescent molecules. Their time course uptake in Sl2 cells was studied using a Coulter Elite flow cytometer as described previously in Bamdad et al. [12] . The emission wavelengths for PAHs (BaP and ANT) and ADR are 405 and 660 nm, respectively. Benzo[a]pyrene, ANT, and ADR were dissolved in dimethyl sulfoxide (DMSO), which in the cell culture was always dissolved to a final concentration of 0.5%. For each experiment, 3 ϫ 10 6 exponentially growing cells were exposed to xenobiotics in the presence or absence of Cyclosporin A (Sigma-Aldrich). Cyclosporin A, which is a P-gp modulator/inhibitor, was added to cell cultures 10 min before exposure to xenobiotics. Three independent experiments were performed for each cytometric parameter investigated, leading to analysis of 20,000 events (cells).
In BaP and ADR experiments, mean fluorescence was expressed in arbitrary fluorescence units (FU) in a linear scale. For ANT experiments, the fluorescence of Sl2 cells was measured in two cell populations that were expressed by percentage of positive cells versus negative cells. Indeed, negative cells were Sl2 cell populations with a fluorescence intensity similar to controls, and positive cells were Sl2 cells with higher intracellular fluorescence intensity than controls.
Drosophila exposure to BaP
Benzo[a]pyrene was dissolved in DMSO and diluted in water to appropriate concentrations. Final DMSO concentrations in the BaP solutions was always kept at 0.5%. Benzo[a]pyrene inductions were achieved by dipping adult flies for 6 s in 15 or 30 M BaP solutions once, twice, or three times. The animals were previously anesthetized under CO 2 for about 10 s. Two consecutive immersions were spaced by a 1-h interval. For experiments with several immersions in BaP solution, proteins were always extracted 1 h after the last dip, whereas for experiments with only one immersion, proteins were extracted 2 h after the dip. In parallel, the 0.5% DMSO-treated control flies were treated under the same conditions.
Immunohistochemistry
Adult flies were exposed three times to 30 M BaP as described previously. One hour following the last dip, the heads were dissected in cold PBS; immediately fixed for 1 h on ice in PBS, 3.7% formaldehyde; washed in PBS; cryoprotected for 12 h in PBS, 12% sucrose; and embedded in TissueTek (Sakura Finetek Europe, Zoeterwoude, The Netherlands).
Environ. Toxicol. Chem. 25, 2006 C. Vaché et al. Ten-micrometer-thick cryosections were transferred onto slides and fixed in PBS, 0.5% formaldehyde, for 40 min at room temperature. After three washes in PBS, sections were saturated in PBS, 5% normal goat serum, for 1 h at room temperature and then washed in PBS, 0.05% triton. Slides were incubated overnight in a humid chamber at 4ЊC in the presence of the monoclonal antibody C219 (1:100) in PBS, 1% normal goat serum. After several washes with PBS, 0.2% Tween 20, the sections were incubated in the presence of a biotinylated sheep anti-mouse antibody (1:10; Jackson Immunoresearch Europe, Soham, UK) in PBS for 1 h at room temperature. Sections were washed seven times in PBS, 0.2% Tween; once in PBS; and incubated in the presence of Cy3-coupled streptavidin (1:300; Jackson Immunoresearch Europe). Slides were visualized using an Olympus FV300 confocal microscope (Olympus France S.A.S, Rungis, France), and the signal intensity was analyzed using NIH image 1.63 software for the Macintosh (National Institutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/nih-image/download.html). Each experiment was performed independently at least three times.
PAH pollutant measurement in ambient air
Sampling of PAHs in ambient air was performed using a modified high-volume sampler (Megatec Digitel DA-80, Haifa, Israel; 30 m 3 /h on average) equipped with a PM 10 (particulate matter Ͻ10 m) head. Particulate PAHs were collected on quartz-fiber filters, and gas-phase PAHs were collected on polyurethane foam. Seven 24-h samples were carried out at two different sites around a Charcoal plant. Site 1 was located inside the plant, and site 2 was in a village situated at 1 km around the plant. Extraction and analysis of ambient air samples were carried out according to A. Albinet et al., INERIS, Verneuil-en-Halatte, France (article in review). Briefly, filters and polyurethane foam were extracted using the accelerated solvent extraction technique with dichloromethane. Extracts were evaporated under a nitrogen stream to a volume of 500 l and taken again at 1 ml in acetonitrile. Polycyclic aromatic hydrocarbons were analyzed using high-performance liquid chromatography with fluorescence/ultraviolet detection. Sixteen PAHs were determined quantitatively: naphthalene (NAP) 
Drosophila exposure to PAH-polluted ambient air in the natural environment
Adult flies were transported in-field from the laboratory and exposed in sites 1 and 2 to ambient air polluted by the charcoal plant fumes. For each measurement, 100 flies inside a fly cage containing feed were exposed to PAH-polluted air. After each exposure period, flies were collected and crushed at 4ЊC in 1 ml of a dissociating medium (see Protein Samples section). Protein extract was immediately stocked at Ϫ20ЊC until P-gp expression analysis in our laboratory using Western blot (see the previous discussion).
RESULTS
D. melanogaster expresses a permeability glycoprotein
Immunodetection of Drosophila P-gp was carried out on various Drosophila protein extracts by Western blot analysis using the polyclonal Ab-1 antibody and/or the monoclonal C219 antibody raised against epitopes conserved in the P-gp proteins (see Materials and Methods section).
In adult Drosophila, representative results indicated the presence of a P-gp product with an apparent molecular mass of 140 kDa recognized by both Ab-1 and C219 antibodies (Fig. 1A) . The reaction patterns of both antibodies were comparable, but the monoclonal C219 antibody generally showed a higher degree of reactivity and less background staining than the Ab-1 polyclonal antibody ( Fig. 1A; compare panel b to a) . Therefore, the C219 antibody was used in all experiments.
In order to sublocalize P-gp in adult flies, similar experiments were performed on protein extracts obtained from three adult segments (head, abdomen, and thorax) using the monoclonal C219 antibody. In these experimental conditions, a Pgp of 140 kDa could be detected in all protein extracts of these segments (Fig. 1B, a to c ).
Permeability glycoprotein expression was then studied in certain adult Drosophila organs. In the head, P-gp (140 kDa) was detected strongly in the olfactory organs such as antennae (Fig. 1B, d ) and labella/maxillary palps (Fig. 1B, e) . Similarly, when applied to sexual organs in the abdomen, P-gp (140 kDa) was strongly detected in both ovaries (Fig. 1B, f) and testes (Fig. 1B, g ).
The expression of P-gp was also studied under the same conditions in embryos as well as in Schneider cell line 2 (Sl2) derived from Drosophila late-stage embryos using the C219 Drosophila P-gp: A PAH detoxification system Environ. Toxicol. Chem. 25, 2006 575 monoclonal antibody. As for Drosophila adults, embryos and Sl2 cells expressed a P-gp of 140 kDa (Fig. 1B) .
Drosophila P-gp acts as a xenobiotics efflux pump
The ability of Drosophila P-gp to act as an efflux pump was then studied by flow cytometry, using Drosophila embryonic Sl2 cells in the presence of well-known P-gp target substrates. For this, we selected two PAHs (BaP and ANT) and two pharmacological drugs (ADR and Cyclosporin A). Benzo[a]pyrene, ANT, and ADR are naturally fluorescent molecules, and therefore their time course uptake can be tracked in Sl2 cells. In contrast, Cyclosporin A, which is a P-gp modulator/inhibitor, is not fluorescent and does not interfere with the measurement of PAHs or ADR signals. The role of Drosophila P-gp was studied via two types of measures (Fig. 2) .
First, the time course uptake of BaP or ADR was tracked over time, with or without Cyclosporin A, using mean arbitrary FU.
To perform BaP uptake experiments, Sl2 cells were pretreated with or without 5 M Cyclosporin A 10 min before addition of 30 M BaP. In the absence of Cyclosporin A ( Fig.  2A) , BaP increased rapidly in the cells up to 60 min, with 299 FU. Intracellular fluorescence then decreased continuously until the end of the experiment (280 FU at 180 min). In contrast, in the presence of Cyclosporin A, BaP uptake increased up to 308 FU at 40 min and then remained stable during the experiment (300 FU at 180 min).
Adryamicin uptake (30 M) was then studied under the conditions described previously, with or without 5 M Cyclosporin A (Fig. 2B) . Comparative analysis of ADR and ADR/ Cyclosporin A showed a stronger intracellular fluorescence when Cyclosporin A was added before ADR (Fig. 2B) . Indeed, ADR alone increased progressively in cells, reaching 1.2 ϫ (Fig. 2D) , the percentage of positive cells remained high throughout the experiment, at 91% at 5 min and 82% at 180 min.
D. melanogaster P-gp expression increases following exposure to PAHs
Drosophila P-gp expression was then studied following exposure to PAHs, first in the presence of BaP, a representative PAH pollutant, and then in the natural environment by Drosophila exposure to PAH-polluted air.
Drosophila exposure to BaP
The P-gp expression was first studied by a Drosophila BaP exposure experiment comprising both Western blot analysis and immunohistochemistry using the C219 anti-P-gp antibody (Fig. 3) . As a control, we first studied Drosophila P-gp expression following immersion of flies in 0.5% DMSO. The P-gp expression rate remained unaffected by this solvent concentration both after increasing exposures (one to three dips) and when protein extracts were performed 1 or 2 h after the last immersion (data not shown).
Flies were then treated once, twice, or three times with 15 M BaP, and proteins were extracted 1 h after the last dip. Compared to the control 0.5% DMSO (basal P-gp expression ϭ 100%), P-gp accumulation remained relatively constant in flies dipped once in the presence of 15 M BaP (Fig. 3A; compare panel b to a). In contrast, P-gp accumulation significantly increased 3 Ϯ 0.1-fold after a second immersion and continued to increase following a third immersion (3.5 Ϯ 0.09-fold) (Fig. 3A , compare panels c and d to a). In a second study, flies were exposed once to 15 or to 30 M BaP, and protein extraction was carried out 2 h later. Compared to the control DMSO 0.5%, the P-gp expression rate increased 3.8 Ϯ 0.1-fold with 15 M BaP and 5.6 Ϯ 0.08-fold in the presence of 30 M BaP ( Fig. 3B ; compare panels f and g to e). We also analyzed P-gp induction in Drosophila head and thorax. Hence, the flies were exposed three times to 30 M BaP, and protein extraction was carried out 1 h after the last induction. Following BaP exposure (Fig. 3C) , the P-gp expression rate increased 1.7 Ϯ 0.1-fold in the head and 1.4 Ϯ 0.09-fold in the thorax compared to controls.
This BaP-induced P-gp expression was also studied immunohistochemically on antennae sections. For this, we used antennae cryosections of Drosophila adults dipped three times in 30 M BaP (see Materials and Methods section). In parallel, control flies were treated under the same conditions with 0.5% DMSO. The results indicated a 4 Ϯ 0.1-fold increase in P-gp expression after three exposures to BaP, thereby confirming our previous results ( Fig. 3D; compare panel b to a) .
Drosophila exposure to ambient PAH-polluted air
Drosophila P-gp expression was then studied in a natural environment by the exposure of Drosophila to charcoal plant fumes and smoke. In these series of experiments, flies were exposed in two selected sites. The first site was located inside a smokestack close to the PAHs that contains fumes, and the second site was situated in a village located at 1 km away from the charcoal plant. In parallel, particulate and gaseous PAHs in the ambient air were sampled from both sites, each 24 h, for 6 d. After each exposure period, Drosophila proteins were immediately extracted (see Materials and Methods section), and P-gp expression was analyzed by Western blot in our laboratory (Table 1 and Fig. 4) . Table 1 shows the 6-d average concentrations of 16 individual PAHs, including NAP, AC, FLN, PHE, ANT, FL, PY, BaA, CHR, BeP, BbF, BkF, BaP, DBa,hA, BghiP, and IP (gaseous and particular phases). The 6-d mean of total PAH concentration was 375.48 ng/m 3 for site 1 and 14.81 ng/m 3 for site 2, that is, a 25-fold higher concentration in the charcoal plant.
The daily mean of total PAH concentration found in ambient air for both sites is presented in Figure 4A . Inside the charcoal plant (site 1), PAH concentrations remained high during days 1, 2, 4, and 6, with a mean of 443.59 ng/m 3 . In contrast, on day 3, a clear decrease in PAH concentrations (34.91 ng/m 3 ) was detected. At site 2, located at 1 km from the charcoal plant, PAH concentrations were clearly weak. Total
3 . An increase in PAH concentrations was detected only on days 3 and 6, at 17.87 and 39.49 ng/m 3 , respectively.
Drosophila P-gp expression in PAH-polluted ambient air was studied in two series of experiments (Fig. 4) . First, flies were exposed to highly PAH-polluted air in site 1, and P-gp expression was analyzed from day 2 to day 4. The results presented in Figure 4B show that in flies exposed to 510 ng/ m 3 of PAH-polluted air (day 2), P-gp expression increased 2.2-fold after 8 h and 2.5-fold after 24 h of exposure. At day 3, when PAH concentrations decreased suddenly (34.91 ng/m 3 ), Drosophila P-gp also decreased 1.8-fold after 48 h. Then, at day 4 (70 h), air PAH concentrations again increased 10-fold (391.8 ng/m 3 ), accompanied by a clear 5.2-fold increase in Pgp expression.
In a second series of experiments, Drosophila P-gp response was compared between sites 1 and 2. For this, flies were exposed to a PAH-polluted environment under the same conditions at each site from day 5 to day 6. At site 1 (Fig.  4C ), P-gp rate clearly increased 2.1-fold after an exposure to 208.89 ng/m 3 of PAH-polluted air after 24 h and 3.72-fold after an exposure to 426.89 ng/m 3 after 48 h. At site 2 ( Fig.  4D) , Drosophila P-gp had increased twofold after exposure
DISCUSSION
Our environment (air, water, and soil) is contaminated by a multitude of different micropollutants. Therefore, microorganisms and organisms living in this constantly contaminated environment have developed defense mechanisms against these aggressions.
The MDR or mdr/P-gp complex is involved in the resistance developed by tumor cells against a wide range of anticarcinogenic molecules [5] . Permeability glycoprotein acts as a transmembrane efflux pump that expulses a broad but welldefined spectrum of structurally and functionally unrelated cytotoxic agents from the cells [8] . The MDR/P-gp is naturally expressed in mammals and in a wide range of other animal and vegetal [29] species as well as in prokaryotic [10] and eukaryotic organisms [12, 14, 15] . This wide pattern of expression suggests that P-gp could have been specifically developed in organisms and highly conserved throughout evolution to act as a universal multixenobiotic barrier against environmental pollution aggression [13, 14, 30] . For example, in the tobacco budworm (Heliothis virenscens), P-gp is implicated in mechanisms of pesticide resistance [31] . Similarly, in the ubiquitous freshwater ciliate T. pyriformis, P-gp is especially involved in the efflux of various PAHs [12, 13] that form a class of cytotoxic, genotoxic, and carcinogenic pollutants that are largely widespread in atmospheric and aquatic media [1] .
In the fly model, the sequencing of the complete genome of D. melanogaster [22] has revealed the presence of three mdr gene homologs called mdr49, mdr50, and mdr65 [23] [24] [25] . However, the expression, localization, and function of these Drosophila proteins have not yet been studied.
In the present work, we studied P-gp expression and localization in the Drosophila model and revealed evidence for the existence of a functional P-gp system implicated in the detoxification of PAH pollutants.
Immunodetection methods were applied to confirm the expression of P-gp in D. melanogaster. Western blot analysis of Drosophila protein extracts was carried out using polyclonal Ab1 and monoclonal C219, two antibodies raised against Pgp. The polyclonal affinity-purified rabbit antiserum Ab-1 [27] was raised against a synthetic peptide entailing the well-conserved epitope SALDTESEKVVQEALDKAREG, present in mammalian P-gp and sharing Ͼ65% homology with the fly Pgp (amino acids found in Drosophila P-gp are shown in bold). The mouse monoclonal antibody C219 was raised against a cytoplasmic epitope VQEALD [28] , which is close to the ATPbinding cassette and is conserved in all known members of the P-gp subfamily. This antibody has been successfully used to identify P-gp in many organisms, including catfish [32] , chicken [33] , and mice [34] . In Drosophila P-gp, it recognizes the epitope VQQALD. Bosch et al. [35] used these two antibodies to identify Drosophila P-gp overexpressed in Sf9 insect cells using the baculovirus expression system.
The results obtained with these two antibodies indicated the presence of a 140-kDa immunoreactive band in embryos, embryonic Sl2 cells, and adult flies. This is consistent with the molecular weight predicted by the P-gp sequences. Indeed, the molecular masses of the predicted proteins P-gp 49, P-gp 50, and P-gp 65 were 143, 142, and 144 kDa, respectively [23] [24] [25] . In addition to this 140-kDa protein, the polyclonal antibody Ab1 and the monoclonal antibody C219 occasionally revealed the presence of a 105-kDa protein. Cross-reaction of C219 monoclonal antibody with other unrelated proteins has already been described [36, 37] . Also, protease-mediated P-gp degradation leads to the production of many P-gp immunoreactive bands migrating between 50 and 80 kDa [38] . Taken together, these observations suggest that the 105-kDa protein observed in our Western blotting experiments is not related to P-gp.
In adult flies, a 140-kDa P-gp was detected in the head, abdomen, and thorax. It was strongly expressed in the ovaries, labella/maxillary palps, and antennae. The latter two olfactory organs, in which we observed this higher expression of P-gp, are also, in Drosophila, the preferential sites of biotransformation enzymes, such as cytochrome P450, UDP-glycosyltransferase, and short-chain dehydrogenase/reductase, which are involved in the detoxification mechanisms [39] .
To verify whether Drosophila P-gp could function as a multidrug transporter, we performed uptake experiments via flow cytometry using well-known P-gp target compounds, such as PAHs (BaP and ANT) and pharmacological drugs (ADR and Cyclosporin A). For this, we used Drosophila Sl2 cells in which we had already demonstrated expression of 140-kDa P-gp. A kinetic study of BaP uptake indicated that this pollutant first accumulated rapidly in the cells during the first 40 min, then decreased until the end of the experiment. This pattern may have been due to P-gp efflux pump activity. To verify this hypothesis, before adding BaP, we pretreated the cell culture with Cyclosporin A. The latter is an immunosuppressive and antifungal antibiotic reported to interfere with Pgp as a negative modulator [8, 40] . As expected, under these experimental conditions, we observed a higher accumulation of BaP in the cells. This result showed that Drosophila P-gp seems to be functionally active in response to BaP, and, as in its mammalian counterpart, its activity is modulated by Cyclosporin A.
An ANT uptake study carried out by analyzing the time course of Sl2-positive cells versus S12-negative cells confirmed the role of Drosophila P-gp as a PAH efflux pump. In our experimental conditions, positive cells were Sl2 cells with higher intracellular fluorescence intensity than controls due to ANT uptake. Negative cells were cells with a fluorescence intensity similar to controls due to ANT efflux. The results clearly showed an ANT influx at the beginning of the experiment followed by an ANT efflux from 30 min until the end of the experiment. In contrast, in the presence of Cyclosporin A, ANT accumulated in Sl2 cells throughout the experiment.
Permeability glycoprotein Drosophila pump activity was also studied in the presence of ADR, a pharmacological target compound of mammalian P-gp. For this, ADR uptake was analyzed in the presence of Cyclosporin A and compared to controls (ADR alone). The results indicated that ADR was continually accumulated in Sl2 cells but that, in the presence of Cyclosporin A, ADR storage was 11-fold higher than controls.
The comparison of the Drosophila P-gp pump activity in the presence of PAHs and pharmacological drugs suggests a more effective efflux in response to PAHs. Similar results were found for the T. pyriformis P-gp-efflux pump [13] . The fact that PAHs are a major source of environmental pollution may explain these observations.
We then studied the influence of PAH pollutants on P-gp induction in Drosophila adults. These studies were carried out Drosophila P-gp: A PAH detoxification system Environ. Toxicol. Chem. 25, 2006 579 first by a direct short-term exposure of Drosophila adult to BaP, a PAH molecule model. As expected, P-gp expression showed dose-dependent up-regulation in the presence of BaP. First, in whole flies, P-gp protein level increased 3 Ϯ 0.1-fold after two 15-M BaP exposures and 3.5 Ϯ 0.09-fold after three exposures. Moreover, one exposure to increasing BaP concentrations led to a 3.8 Ϯ 0.1-fold increase in P-gp expression in the presence of 15 M BaP and a 5.6 Ϯ 0.08-fold increase in P-gp expression in the presence of 30 M BaP. Similar observations were detected in different parts of adult flies. Indeed, three exposures of Drosophila to 30 M BaP led to 1.7 Ϯ 0.1-fold higher P-gp expression in the head and 1.4 Ϯ 0.09-fold higher P-gp expression in the thorax compared to controls. Under the same conditions, we used immunohistochemistry to independently detect a 4 Ϯ 0.1-fold higher expression of P-gp in Drosophila antennae cryosections. Second, we studied Drosophila P-gp induction in a natural environment in the longer term by exposing flies to ambient air polluted by charcoal plant fumes. For this, Drosophila were exposed in two sites, inside the plant and in a village located at 1 km of the charcoal plant.
Polycyclic aromatic hydrocarbon samplings taken over 6 d from the air of both sites showed the presence of 16 individual PAHs, including NAP, AC, FLN, PHE, ANT, FL, PY, BaA, CHR, BeP, BkF, BaP, DBahA, BghiP, and IP. The 6-d means of total PAH concentration was about 375.48 ng/m 3 at the plant site and 14.81 ng/m 3 at the village site. A recent European directive has set the target value for BaP in ambient air at 1 ng/m 3 in annual mean and in PM 10 fraction. Our observations indicated that PAH concentrations in the plant ambient air were higher. At the village site, PAHs concentrations were close to the levels found in urban sites despite the fact that it was considered a rural site.
The study of Drosophila P-gp expression by exposing flies to PAH-polluted ambient air at both sites showed a clear Pgp increase in dose-dependent response. The comparison of P-gp expression between two selected sites showed that in the charcoal plant, P-g rate increased 2.1-fold after 24 h and 3.7-fold after 24 h exposure in the presence of PAH-polluted air at a concentration of 208.89 and 426.89 ng/m 3 , respectively. In the village site, in which ambient air contained a 25-fold lower PAH concentration, Drosophila P-gp increased twofold at 24 h and sixfold after 48 h in the presence of 7.70 and 39.49 ng/m 3 PAHs, respectively. The increased expression of P-gp in response to pollutants such as PAHs suggests that this glycoprotein acts as a detoxification system in Drosophila. In the aquatic protozoan ciliate T. pyriformis, a similar resistance via increased expression of P-gp was also detected in response to PAHs [13] .
Drosophila melanogaster is one of the most valuable organism models in biological research, particularly in genetic and developmental biology. Drosophila's entire genome has been sequenced, and mutant flies with defects in any of several thousand genes are available. Our experiments carried out with the D. melanogaster model both in-laboratory and in-field demonstrated the expression of a functional P-gp system that was inducible by PAHs and that plays the role of a membrane detoxification barrier against these pollutants. These characteristics suggest that Drosophila P-gp may be considered as a good biomarker for assessing the impact of PAH sources in certain environments, such as rural background areas, before the installation of more a expensive monitoring strategy. We are conducting further studies along these lines.
